Quantification of retinal nerve fiber layer thickness reduction associated with a relative afferent pupillary defect Abstract Background: A relative afferent pupillary defect (RAPD) is known to develop only when more than 25% of retinal ganglion cells are ablated in monkeys' eyes. However, there was no prior study to estimate biometrically the degree of retinal nerve fiber layer (RNFL) thickness reduction leading to the development of RAPD in live human eyes. The purpose of this study was to examine the correlation between the amount of RNFL thickness reduction and the depth of a clinically detectable RAPD in patients with unilateral optic atrophy. Methods: Enrolled were 20 patients with optic atrophy of various etiologies. We quantified RAPD by performing the swinging flashlight test with log-scaled neutral density filters placed over the unaffected eye. Average RNFL thickness was measured by OCT3000 with the average RNFL thickness program. Linear regression analysis was used in a ssessing the relationship between RAPD and the ratio of affected to unaffected average RNFL thickness. Results: The mean of average RNFL thickness was 95.6±17.3 μm in the unaffected eyes and 50.7±19.3 μm in the affected eyes (P<0.001). Regression analysis between RAPD and the ratio of affected to unaffected average RNFL thickness revealed a correlation coefficient R 2 =0.48 (P=0.0007). The regression line intersected the yaxis at 0.77. Conclusions: RAPD was not clinically detected until at least approximately 25% of the retinal nerve fibers were lost when compared with the unaffected eyes. Substantial retinal ganglion cell damage is required for the development of RAPD.
Introduction
The relative afferent pupillary defect (RAPD) is an asymmetry in the pupillary light response and is an important objective parameter for quantifying the loss of neuronal function in asymmetric optic nerve disorders [15] . An RAPD is known to correlate with the severity of visual field loss [5, 8, 10, 16] . However, few papers have examined the correlation between the degree of the retinal ganglion cell loss and the depth of an RAPD [9, 10] .
Optical coherence tomography (OCT) is a near-infrared, low-coherent illumination-assisted, non-invasive technique, which provides cross-sectional imaging of the layered structure of the retina with axial resolution of 10 μm [1, 2, 12] . OCT is useful not only for assessment of macular thickness in retinal disease [4] but also for estimation of reduction of retinal nerve fiber layer (RNFL) thickness in glaucoma [6] as well as other optic nerve disorders [7, 14] . For instance, we previously reported that OCT successfully detected the characteristic pattern of RNFL reduction in eyes with band atrophy of the optic nerves due to chiasmal compression and in those with optic tract syndrome [7, 14] .
The purpose of this study was to examine the correlation of the amount of RNFL reduction estimated by OCT3000 and the depth of a clinically detectable RAPD in patients with optic atrophy.
Subjects and methods
We used 20 eyes of 20 patients (ten male and ten female) with unilateral optic atrophy of various etiologies, who regularly visited the neuro-ophthalmology clinic in Kobe University Hospital between October 2004 and August 2005. The mean ± SD age at test was 58.0±16.8 years, ranging from 13.1 years to 80.8 years. Descriptive data of these patients are summarized in Table 1 . Etiology of optic atrophy was non-arteritic anterior ischemic optic neuropathy (AION) in nine patients, compressive optic neuropathy due to intracranial tumor in five, traumatic optic neuropathy in two, posterior ischemic optic neuropathy (PION) in one, and undefined optic atrophy in three. The diagnosis of these etiologies were made by clinical history and course, slit lamp examinations, optic disc and fundus findings, visual field, fluorescein angiography, and radiological findings, including intracranial and intraorbital MRI or/and CT, if necessary, with enhancement, and ancillary laboratory data. None of the patients was in the acute phase of disease or had optic disc swelling or increased RNFL thickness at entry into this study. Duration from the onset of disease to entry into the current study was not known in six cases. Five of the six patients were diagnosed as having an intracranial or intraorbital tumor and underwent surgical or radiological intervention at least 6 months prior to the entry, whereas the other patients showed optic atrophy in the affected eyes at initial examination, which was at least 7 years prior to this study. Thus, all subjects had had a disease period of 6 months or more, which was sufficient time for ganglion cell loss and the development of optic atrophy. An additional exclusion criterion was a history of diabetes and ocular diseases other than optic nerve disorders that could affect pupillary light reaction, such as glaucoma, uveitis, and retinal detachment. Patients who had cataract with grade II or more nuclear sclerosis were also excluded, since dense cataract is known to produce an RAPD in the contralateral eye [3, 11] .
All investigations were conducted in accordance with the ethics standards stated in the 1964 Declaration of Helsinki, with the approval of the Medical Ethical We quantified RAPD by performing the swinging flashlight test with neutral density filters placed over the unaffected eye, essentially according to previous reports [5, 8-10, 15, 16] . In brief, the patients, in a sitting position, were instructed to fix on a distant target in a mesopic room for 60 s. Then, each eye was illuminated for 3 s with an indirect ophthalmoscope with the visual angle of the light source at 30°. The density of the neutral density (ND) filters was incremented in a 0.3 log-unit step-wise fashion until the RAPD was undetectable. RAPD was measured by either of two neuro-ophthalmological specialists (Y.N. or M.N.), who were blind to the RNFL thickness and visual field.
RNFL thickness was measured by means of an OCT3000 (version 4.2.4, Zeiss-Humphrey, Dublin, Calif., USA) by Y.T. or A.N.K. as previously reported [6, 7, 14] . Briefly, three circular scans, each 3.4 mm in diameter and centered on the optic disc, were obtained after pupillary dilation if necessary, and were averaged by the average RNFL thickness program inherent to the OCT software. All measurements were repeated until the signal strength of image exceeded 7 (maximum 10) to obtain high accuracy of images. Average RNFL thickness of the entire circumference of the optic disc was obtained. In patients with defective fixation in affected eyes, the partner eyes were used for fixation.
Statistics
RNFL thickness was compared between affected and unaffected eyes by unpaired t-test. Linear regression analysis was used in assessing the relationship between RAPD and the following parameters: (1) ratio of average RNFL thickness between the affected and unaffected eyes; (2) difference of log-scaled VA between the affected and unaffected eyes; (3) the difference in MD between the affected and unaffected eyes in the eight patients for whom Humphrey automated perimetry was obtained. Statistical analyses were performed by StatView version 5.0 software (SAS Institute, Cary, N.C., USA). P values less than 0.05 were considered statistically significant.
Results
The mean of average RNFL thickness was 95.6±17.3 μm in the unaffected eyes and 50.7±19.3 μm in the affected eyes, with a statistically significant difference (P<0.001). The correlation coefficient between RAPD and the other tested parameters were as follows: difference in logconverted VA between eyes, R 2 =0.19 (P=0.055); difference in MD between eyes, R 2 =0.71 (P=0.0056); ratio of affected to unaffected RNFL thickness, R 2 =0.48 (P=0.0007) (Fig. 1) .
Linear regression analysis found that the ratio of affected to unaffected RNFL thickness = −0.174 × log units of the ND filter +0.765. Thus, RAPD was clinically undetectable until at least approximately 25% of the retinal nerve fibers were lost in the eyes with optic atrophy when compared with the contralateral eyes (Fig. 1 ).
Discussion
The current study clearly demonstrated that RAPD was significantly associated with the degree of RNFL thickness reduction in patients with optic atrophy of various etiologies and became clinically detectable when average RNFL thickness was reduced to less than 75% of the level in the contralateral eyes. The association may become stronger if more sophisticated tools are applied to quantify RAPD, such as infrared pupillography. However, we followed the current protocol because we wanted to know to what degree RAPD detected by the routine swinging flashlight test correlates with the structural changes in retinal nerve fibers caused by optic neuropathies.
Kerrison et al. [9] previously showed that, in rhesus monkeys that underwent laser ablation of macular tissue, an RAPD developed when approximately 25% to 50% of retinal ganglion cells were histologically lost. In addition, Fig. 1 Linear regression analysis of the relationship between the ratio of affected to unaffected RNFL thickness, measured by optical coherence tomography, and the depth of relative afferent pupillary defect, determined by the log units of ND filter and RNFL thickness. R 2 =0.48, P=0.0007 in cases of asymmetric, bilateral optic neuropathies including AION and compressive lesions of the anterior visual pathway, an RAPD was present with an estimated retinal ganglion cell reduction of as much as 57% in one eye compared with the other [11, 13] . The present biometrical estimation of retinal nerve fiber loss in humans, by OCT 3000 in association with an RAPD, is in good agreement with the above experimental and autopsy estimation of retinal ganglion cell loss. Lagreze and Kardon [10] correlated the RAPD with the ganglion cell loss estimated from visual field defect. In their study they estimated the retinal ganglion cell loss by superimposing the visual field on clear templates that divided a Goldmann visual field and a Humphrey visual field into, respectively, 100 and 69 differently sized segments, each segment corresponding to 1% of retinal ganglion cells. According to this analysis, the RAPD and the ganglion cell loss determined from the Humphrey field pattern deviation with 5% probability level had R 2 =0.49 (P<0.0001), which is closely similar to the correlation coefficient between the RAPD and the RNFL thickness reduction ratio in this study. Those and the present studies further indicate that substantial retinal ganglion cell damage precedes the development of RAPD. This threshold effect regarding RNFL thickness reduction and the RAPD development may be accounted for by nerve fiber redundancy in the anterior visual pathways.
Previous studies demonstrated that the severity of an RAPD was correlated with the magnitude of visual field loss [5, 8, 10, 16] . For example, Lagreze and Kardon [10] showed a significant correlation between the RAPD and the MD of the affected eyes, with R 2 =0.52. This held true in our current study, which disclosed the highest correlation coefficient (=0.71) of the MD difference in RAPD compared with the VA difference and the RNFL thickness ratio. An accumulation of cases is required to determine whether functional testing such as visual field correlates better with RAPD than a structural parameter such as RNFL thickness determined by OCT.
It would be of particular interest to know the relationship between the RAPD and the spatial difference of RNFL thickness reduction. The RNFL is largely composed of magnocellular ganglion cell axons, which essentially correspond to the superior, inferior, and nasal quadrants of the parapapillary RNFL distribution. In contrast, the parvocellular ganglion cell axons, which are the major component of the papillo-macular bundle, correspond to the temporal quadrant. To determine which quadrant correlates best with an RAPD is an issue of interest, because that would shed light on the ganglion cell type dependency of the pupillary light reflex. Although we in fact tried to compare an RAPD with the RNFL thickness reduction of each quadrant, there was no significant correlation between the quadrant RNFL thickness ratio and RAPD (data not shown).
The main reason for this is presumed to be the variety of visual field defects shown in the current cases, despite the small sample size. Since a pattern of visual field defects depended on cases, from central scotoma to wedge-shaped and altitudinal defect, RNFL thickness reduction corresponding to these defects also varied among patients. The papillomacular bundle was not always affected more severely than other nerve fibers, and, thus, the temporal quadrant RNFL thickness was not significantly associated with the RAPD in such cases. Further studies are needed to address this important issue.
Another limitation of this study was the diversity of etiology of optic nerve disorders. Although a diseasespecific relationship between RAPD and the RNFL thickness reduction is a matter of significant interest, etiology based subdivision of the current cases hampered us in making statistical evaluation, essentially because of the small sample size.
In spite of these limitations, our current study demonstrates that semi-quantification of RAPD, using the routine method of swinging flashlight test, reflects well the magnitude of the structural loss of retinal nerve fibers and/or ganglion cells.
